potential, as well as consistency in their anatomical effects, with device success rates 48 of over 50% indicating that the devices performed optimally more than half of the time. 49 NMCD had the highest killing potential, with 100% of birds sustaining the required 50 physical trauma to have caused rapid death. 51 4. The MPLI was inconsistent, and only performed optimally for 27.5% of birds, despite 52 good killing potential when performing well. Severe crushing injury was seen in >50% 53 of MPLI birds, suggesting that birds would die of asphyxia rather than cerebral 54 ischemia, a major welfare concern. As a result the modified pliers are not 55 recommended as a humane on-farm killing device for chickens. 56
Subjects and husbandry 129
A total of 160 female layer-type (Hy-Line) and meat-type (Ross 308) chickens (Gallus gallus 130 domesticus) were used in this study across four batches which were distributed equally across 131 two types and ages (Table 1) . Birds were sourced from commercial farms and transported to 132 SRUC facilities in four batches of 40 birds per batch, with each batch containing all four bird 133 type and age combinations. The birds were weighed and wing-tagged on arrival. 134
135
The birds were housed for one week prior to the experiment in order to allow them to 136 acclimatise to the new environment and were housed in separate rooms per bird type and age 137 group to provide recommended environmental controls (Aviagen, 2009; Hy-Line, 2012). All 138 birds were kept in floor pens with wood-shavings litter at significantly lower than commercial 139 stocking density and with various environmental enrichments (e.g. suspended CDs, perches). 140
The pens were constructed from wooden frames with wire-grid sides and roofs, allowing visual 141 and auditory contact with other birds within the same room. Broiler chicks and layer pullets 142 were housed in group pens (L 1.5 m x W 2.5 m x H 1.5 m). Broilers (slaughter-age) and layer 143 hens were kept in pairs (pen size: L 1.5 m x W 0.5 m x H 1.5 m). All birds had ad libitum access 144 to appropriate food and water. All birds were inspected twice daily, and the minimum and 145 maximum temperatures were recorded each morning.
Personal licences and underwent review and approval (AUAE8-2012) by SRUC's ethical 149 review body. All routine animal management procedures were adhered to by trained staff. 150
151

Experimental Procedure 152
The experiment was designed around a 4 x 4 x 4 factorial design (batch x device x bird type 153 + age). Ten birds per bird type (+ age) were tested with each of the four mechanical devices 154 (N = 160 birds). Birds were tested in four one week batches, with birds being tested in blocks 155 of ten per day in order to minimise any effect of operator fatigue (Sparrey et al., 2014) . A 156
Graeco Latin square was used to balance batch, block, bird type (+ age) and device. Within 157 this, 4 Latin squares (1 per batch) were used to balance block, test order in block and bird 158 type (+age), with the test order in each block then repeated until all 10 birds were tested. 159
160
All birds were weighed and had schematic measurements of the head and neck were taken 161 (Figure 2 ). Because it was inappropriate to evaluate un-tested killing methods on live birds, 162 the birds were sequentially euthanised by an intravenous sodium pentobarbital injection 163 (Euthatal, Merial Animal Health Ltd., Essex, UK) via the brachial vein immediately prior to 164 device testing in order to minimise blood coagulation and morphological changes (Gordon et 165 al., 1988; Bell et al., 1999 Figure 1a ) is a brain-stem penetrating device designed by a 173 veterinarian to dispatch game birds in the field (Sparrey et al., 2014; Martin, 2015) . The deviceplaced into the 'cup' of the lower arm (beak facing downwards) and when ready to apply theoperator squeezes the handles together, which pushes the top arm (and the penetrating spike) 177 downwards into the back of the bird's skull, preferably through the foramen magnum therefore 178 severing the top of the spinal cord (or brain stem), and causing death by cerebral ischemia. 179
Presently there is no published scientific evidence on the efficacy of this device. Modifications 180 (with the permission of the inventor) consisted of replacing the lower arm of the device in order 181 to increase the upper (U) (33 mm to 37 mm) and lower (L) (19 mm to 27 mm) diameters of the 182 openings of the metal cup based on pilot work demonstrating the need for a more space to 183 encompass chicken heads. Additional insertion cups were molded from 1mm thick plastic 184 funnels, in order to generate two adjustments (G1, G2) to fit the various sizes of birds' heads, 185 based on bird type and age (G1: U=36 mm and L=23 mm (broiler, layer hen); G2: U=30 mm 186 and L=18 mm (layer pullets, broiler chicks)). The additional cups also had soft padding 187 in order to create a narrower, curved concave edge rather than a straight edge (Martin, 2015) . 214
The edges of the blades remained blunt in order to reduce the risk of skin tearing and thus 215 blood loss during application of the method. It was hypothesised that by narrowing the edge 216 of the blade it would reduce the risk of crushing and would instead increase the likelihood of 217 dislocation, as the narrower blade would more easily slip between two cervical vertebra when 218 force was applied. The blades were widened gradually to increase the size of the blade (over 219 3 mm) and therefore generate a dislocation (i.e. gap between the two vertebra), by pushing 220 the vertebrae apart. 221
222
The NMCD device ( Figure 1d ) was designed to create a mechanical method for cervical 223 dislocation of poultry which mirrored the technique of the manual method (described in Martin, 224
2015; Martin et al., 2016). The device consisted of a thin supportive glove (SHOWA 370 225
Multipurpose Stable Glove TM , UK) designed to support the wrist and hand (and hypothesised 226 to reduce strain injury in the operator) and a moveable metal insert. The metal insert consisted 227 of two metal finger supports that were designed to fit around the bird's head to create a secure 228 grip, and to move independently from side-to-side in order to allow adjustment for different 229 sizes of birds ( Figure 1d ). The rounded shape of the metal fingers was designed to aid theThe blunt edge between the two metal fingers (protruding < 1 mm from the fleshy area of skin 233 between the index and middle fingers) provided a hard edge to force between the back of the 234 bird's head and the top of the neck, designed to focalise the force into the desired area (i.e. a 235 dislocation at C0-C1) when the method was applied. criteria were device specific and are described in Table 2 . 268
269
Statistical Analysis 270
All data were summarised in Microsoft Excel (2010) spread sheets and analysed using 271
Genstat (14 th Edition). Statistical significance was based on F statistics and P<0.05 272 significance level. Summary graphs and statistics were produced at bird and treatment level. 273
Generalised Linear Mixed Models (GLMM) (binomial distribution) were used to compare 274 performance across the four killing devices in terms of kill potential and device success, while 275 incorporating bird type, age, and block as fixed effects and bird weight head measurements 276 as co-variates. Batch was included as a random effect. Detailed comparisons of device 277 performance were achieved by sub setting the data twice: initially to remove unsuccessfully 278 "killed" birds (i.e. kill potential "no") in order to prevent data skewing; and then into two groups 279 dependent on trauma area: 1) neck trauma (NMCD and MPLI); and (2) (mean = 0.69 ± 0.05) being more likely to sustain optimal anatomical damage compared to 303 older birds (mean = 0.53 ± 0.06). All other factors and their interactions had no effect on device 304
success. 305 306
Percussive methods 307
For successfully killed birds (MARM = 25/40 birds; and MZIN = 34/40 birds), the percentage 308 of birds for which the relevant head trauma post mortem factor was present, according to 309 killing method is shown in Table 3 . Killing device had no effect on the majority of post-mortem 310 measures, apart from damage to left forebrain, mid brain, and brain stem. The MZIN was 311 significantly more likely to cause trauma to the left forebrain and the mid brain compared to 312 the MARM, however, the opposite was seen for the brain stem, with very few MZIN birds 313 sustaining damage compared to the MARM. No other factor or interaction affected externaldamage to any region of the brain. 317
318
Cervical dislocation methods 319
For successfully killed birds (MPLI = 25/40 birds; NMCD = 40/40 birds), the percentage of 320 birds for which the relevant neck trauma post mortem factor was present, according to killing 321 method, is shown in Table 4 . Numerically, MPLI was more likely to tear the skin, cause external 322 bleeding, vertebral damage, trachea damage, and oesophagus damage compared to NMCD, 323 but the differences were not significant. NMCD was more likely to cause cervical dislocation, 324 as well as severing one or more carotid arteries compared to MPLI (Figure 4) . However, the 325 location of the dislocation (e.g. C0-C1, C1-C2, etc.) was not significantly affected by killing 326 method (F 3,74 =2.34, P=0.076), although there was a tendency (P < 0.10), for NMCD to be 327 more likely to cause a higher level dislocation compared to MPLI ( Figure 5) . Bird type, bird age, and bird weight and their interactions with killing device had no effect on 341 skin tearing, external bleeding, subcutaneous, hematoma, trachea damage, oesophagusdiameter of the birds (N1) had a tendency to affect the number of carotid arteries severed(F 1,74 =3.31, P=0.074), with a significant negative correlation (r = -0.382, P = 0.047). 345
346
Discussion 347
The results of this experiment provide important data to allow evaluation of the killing potential 348 of four untried novel percussive and mechanical cervical dislocation methods for chickens. 349
The devices had been designed and prototyped with the aim to cause rapid loss of 350 consciousness and brain death in order to be effective and humane. The NMCD device was 351
shown to have the highest killing potential (100%), however, all devices achieved a killing 352 potential of over 60%. NMCD was also shown to have the highest device success (90%), 353 demonstrating its consistency in achieving optimal damage to the cadavers, irrespective of 354 bird type. Device success was always lower than the killing potential for each method because 355 it was a more specific measure. The difference between killing potential and devices success 356 was approximately 10% for NMCD, MZIN and MARM, demonstrating that these methods were 357 not always performing optimally, which could have welfare implications. For NMCD, the 358 primary reason for this difference was the number of carotid arteries severed, as on occasion 359 only one was severed, and some birds exhibited a lower dislocation level than C0-C1. In the 360 case of MZIN, the few failures in device success were due to only one region of the brain being 361 damaged or only minor damage to all regions (e.g. internal brain cavity bleeding and bruising). 362
Failures in device success with the MARM were primarily due to the spike not penetrating to 363 an adequate depth to cause complete severing of the brain stem, as well as some issues with 364 the ability to aim the device easily, and the spike not penetrating the brain stem, but instead 365 the cerebellum. In terms of brain trauma, this could reduce the chance of neurogenic shock The primary concern with MPLI was that, despite the modifications, it was not performing in 387 the desired way, indicating that it was not a reliable method. 388
389
Both the MARM and MZIN always caused penetration of the skin and damage to the skull and 390 the majority of birds bled into the external environment. There were significant differences in 391 the areas of the brain damaged by the two devices, but they were designed to perform 392 differently. With the MZIN, more than 60% of all birds received damage to the main areas of 393 the brain (excluding the brain stem), demonstrating diffuse damage which the device is 394 tested previously (DEFRA, 2014), and was found to have a low kill success of 46%, therefore 403 the higher kill potential could be attributed to the modifications or that the killing potential was 404 tested on cadavers, which are easier to handle, improving application of the method. The 405 increase in success in the MZIN could be attributed to the same reasons. 406
407
Other bird factors were shown to impact some post-mortem measures (e.g. dislocation level, 408 vertebral damage), kill potential and device success, demonstrating inconsistency dependent 409 on the target species, although their impact was more pronounced with the cervical dislocation 410 methods than the head trauma methods. Bird age affected both killing potential and device 411 success, in both cases revealing that it was easier to cause physiological trauma to younger 412 birds and therefore easier to achieve a reliable kill. Young birds are less physiologically 413 mature, and therefore bones and cartilage are less calcified and re-inforced, as well as 414 connective tissue being less fibrous, making dislocation and damage to the skull easier to 415 achieve (Comi et al., 2009; Sharma et al., 2005) . However, in terms of neck muscle and arterial 416 tissue, aging can have a detrimental effect, with reduced elasticity in arterial walls and skeletal 417 muscle, reducing stretching potential, therefore carotid arteries and neck muscle are more 418 likely to tear when under strain (Benetos et al., 1993; Nair, 2005) . However this needs to be 419 considered in context of the size of the birds; smaller birds have less stretch potential than 420 larger birds, therefore despite the increased elasticity, the magnitude of the stretch required 421 to dislocate and tear should counteract this effect. In general, cervical dislocation was easier 422 in broilers and younger birds, although these factors are confounded, as by definition broilers 423 at both ages tested were immature compared to layer strains. The diameter of the neck also 424 affected dislocation potential, with smaller necks (younger birds) being easier to dislocate thanreceive damage, but again bird type was confounded with age, with laying hens being older 427 than any other bird group. The increased likelihood of vertebral damage could also be 428 attributed to brittle bones in the laying hens (Whitehead and Fleming, 2000) . All other external 429 factors had no impact on the post-mortem measures associated with brain trauma methods, 430
indicating that these methods are less susceptible to inconsistency as when applied to various 431 types, size and age of birds. However, this has to be taken within the context that both of the 432 brain trauma methods: MZIN and MARM had killing potentials of 84.2% and 62.5% 433 respectively, both of which highlight issues with reliability. Finnie, J.W., Blumbergs, P.C., Manavis, J., Summersides, G.E., Davies, R.A., (2000) . 506
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